Cucumber (Cucumis sativus L.) is characterized by its diverse and flexible sexual types. Here, we evaluated the effect of low temperature (LT) exposure on cucumber femaleness under short-day conditions. Shoot apices were subjected to whole-genome bisulfate sequencing (WGBS), mRNA-seq, and sRNA-seq. The results showed that temperature had a substantial and global impact on transposable element (TE)-related small RNA-directed DNA methylation (RdDM) mechanisms, resulting in large amounts of CHH-type cytosine demethylation. In the cucumber genome, TEs are common in regions near genes that are also subject to DNA demethylation. TE-gene interactions showed very strong reactions to LT treatment, as nearly 80% of the differentially methylated regions (DMRs) were distributed in genic regions. Demethylation near genes led to the co-ordinated expression of genes and TEs. More importantly, genome-wide de novo methylation changes also resulted in small amounts of CG-and CHG-type DMRs. Methylation changes in CG-DMRs located <600 bp from the transcription start and end sites (TSSs/TESs) negatively correlated with transcription changes in differentially expressed genes (DEGs), probably indicating epiregulation. Ethylene is called the 'sex hormone' of cucumbers. We observed the up-regulation of ethylene biosynthesis-related CsACO 3 and the down-regulation of an Arabidopsis RAP2.4-like ethylene-responsive (AP2/ERF) transcription factor, demonstrating the inferred epiregulation. Our study characterized the response of the apex methylome to LT and predicted the possible epiregulation of temperature-dependent sex determination (TSD) in cucumber.
Introduction
Diclinous higher plants often show an environmental sex determination (ESD) phenomenon that is as important as genetic sex determination (GSD), as demonstrated in oil palm (Adam et al., 2011) , spinach (Freeman et al., 1994) , and, in particular, Cucurbitaceae plants. Essentially, temperature and photoperiod exert profound influences on flower development for many Cucurbitaceae plants (Nitsch et al., 1952) . Cucumber (Cucumis sativus L.) is known for its various sexual morphs in addition to monoecy and dioecy among the ~800 Cucurbitaceae species (Kocyan et al., 2007) , which are also influenced by the temperature and photoperiod stimuli Saito, 1957, 1958; Fukushima et al., 1968; Cantliffe 1981; Hikosaka et al., 2008; Miao et al., 2011) . Low temperature (LT) and short-day conditions promote cucumber femaleness. The integration of temperature and photoperiod factors causes seasonal changes in femaleness for many cucumber germplasms (Dou et al., 2015) . In addition, labile sex expression, which is characteristic in cucumbers, responds to mechanical stress, nitrogen, water, light quality, and light intensity (Ito and Saito, 1958; Takahashi and Suge, 1980; Bachman and McMahon, 1997) . The causative mechanism of the cucumber ESD process remains elusive.
Ethylene is the decisive 'sex hormone' for many Cucurbitaceae plants (Mitchell and Wittwer, 1962; Rudich et al., 1969; Byers et al., 1972) , and the involvement of ethylene biosynthesis in sex determination is conserved in cucurbits (Boualem et al., , 2016 . Cucumber sex determination is genetically controlled by three genes: female (F), monoecious (M), and androecious (A). These genetic loci have all been confirmed to be related to 1-aminocyclopropane-1-carboxylate synthase (ACS), which catalyzes the first key step specific to ethylene biosynthesis and controls the metabolic flux from methionine salvage. The F locus controls femaleness and results from a tandem duplication of CsACS1/1G (Trebitsh et al., 1997; Mibus and Tatlioglu, 2004; Knopf and Trebitsh, 2006; Zhang et al., 2015) . The M gene suppresses stamina development and encodes CsACS2 (Saito et al., 2007; Boualem et al., 2009; Li et al., 2009) . The A gene encodes CsACS11, and its dysfunctional isoform leads to the transition from monoecy to androecy (Boualem et al., 2015) . The G gene has been proposed to be the fourth 'sex gene' in cucumbers, encoding a C2H2 zinc finger transcription factor WIP. The G gene has been genetically identified in melon (Cucumis melo L.) and was shown to repress the M gene (historically named the a gene in melon) and carpel development, and thereby control the gynoecy phenotype (Martin et al., 2009) . Although the G gene has not been genetically identified in cucumbers, CsWIP1, which is syntenic to CmWIP1, shows a male flower-correlated expression pattern (Boualem et al., 2015) . The combination of the aforementioned 'sex genes' controls the impressive diversity of cucumber sexual types. Feedback regulation in ethylene biosynthesis and the balanced and mutual regulation of WIP and ACS are stressed in the regulatory network (Li et al., 2012; Chen et al., 2016) .
In addition to ACS, ACC oxidase (ACO; Duan et al., 2008; Chen et al., 2016) , ethylene response 1 (ETR1; Wang et al., 2010) , and ethylene insensitive 3 (EIN3; Liu et al., 2008; Bie et al., 2013) that participate in either ethylene biosynthesis or signaling pathways regulate sex expression. Ethylene signals cascade in primordial anthers via the following process: the ethylene signal is perceived by CsETR1, which is regulated by a MADS-box gene at the transcriptional level or by a circadian cycle gene (Wang et al., 2010) . The signal is then passed on by CsCTR1, a negative factor in the ethylene response; the downstream signal up-regulates a DNase, most probably a calcium-dependent nuclease (CsCaN) (Gu et al., 2011) , which finally results in DNA damage in the anthers (Hao et al., 2003) . In this model, cucumber-specific regulation of CsETR by MADS-box genes is responsible for the cucumber-specific phenotype of unisexual flowers.
Naturally, the ethylene metabolic pathway is involved in cucumber ESD. Short-day conditions up-regulate CsACS2, which has a diurnal rhythm with a peak in the middle of the day (Yamasaki et al., 2003) . Little is known of the response of sex-related genes to temperature stimuli. The increase in femaleness in LT conditions is positively correlated with changes in the endogenous sugar content in addition to the anticipated changes in endogenous ethylene, whereas separately blocking the sugar signaling pathway results in an antagonistic effect to LT (Miao et al., 2011) . It is important to elucidate further the mechanism that bridges the environmental changes and intracellular turbulence in ethylene metabolism, and determine the roles of more sex expression-related genes besides ACS in the cucumber ESD process.
Cytosine DNA methylation occurs at the carbon 5 position of cytosines, and the methylation state contains important epigenetic information on the DNA sequence. Bisulfate sequencing technology enables the determination of the methylation state at single-base resolution and thus provides the complete methylome for many organisms, including model plants, such as Arabidopsis (Cokus et al., 2008; Lister et al., 2008) and maize (Gent et al., 2013) . Unlike in animals, methylation in plants occurs at CG, CHG, and CHH (H=A, T, or C), and these three sequences show distinct methylation levels and patterns. After comparing various methylomes, cytosine methylation in both transposable elements (TEs) and gene bodies is known to be conserved in plants (Feng et al., 2010; . The genetic pathways involved in de novo methylation have been elucidated in Arabidopsis (Stroud et al., 2013) and maize (Li et al., 2014) using epigenetic mutants. Small RNA-directed DNA methylation (RdDM) is the major pathway of de novo methylation, which combines small RNA (sRNA) generation and targeted DNA methylation (Matzke and Mosher, 2014) . Recently, multiple distinct RdDM pathways have been proposed in addition to the canonical RNA polymerase IV (Pol IV)/RNA-dependent RNA polymerase (RDR)-dependent RdDM pathway (Matzke et al., 2015) .
In most cases, spontaneous epimutations that are induced by environmental factors provide the source for epigenetic variation. Spontaneous epimutations occur at a proper rate and are experimentally inheritable, although some epimutations can be lost in subsequent generations (Jiang et al., 2014; van der Graaf et al., 2015) . Plants benefit from the long-term environmental adaptions provided by the regulation of DNA methylation (Hauser et al., 2011; Mirouze and Paszkowski, 2011) . Profiling the short-term response of the methylome to certain environmental stimuli in one generation provides insight into the mechanism of spontaneous epimutations. Some examples have been documented in response to NaCl stress (Baek et al., 2011; Song et al., 2012a) , water deficit stress (Chwialkowska et al., 2016) , and bacterial pathogen exposure (Dowen et al., 2012; Yu et al., 2013) . These studies show that plant methylomes rapidly respond to changes in the environment, similar to the plant transcriptome; however, the response patterns are inconsistent across studies.
Growing evidence suggests that cytosine methylation plays a key role in higher plant sexual phenotypic plasticity (Piferrer, 2013) . A change in the DNA methylation status of the CmWIP1 promoter due to a TE insertion leads to the transition of flowers from male to female in melon (Martin et al., 2009) . Comparisons between the methylomes of male and female flowers assumes that the differential DNA methylation state at miRNA172, which targets APETALA2 (AP2), may account for sex determination in poplar (Song et al., 2012b . Hypomethylation of the MeGI promoter results in female flower formation in persimmon (Akagi et al., 2016) . Dioecious plants such as Carica papaya, Silene latifolia, and Rumex acetosa have evolved sex chromosomes. During the formation of the sex chromosomes, cytosine methylation induced by repetitive sequences plays critical roles Li et al., 2016) . The aforementioned examples demonstrate the epigenetic control of the GSD process. Studies in fish exemplify how temperature induces a DNA methylation state change of cyp19a1, a critical 'sex gene', to change the organism's sex (Navarro-Martín et al., 2011) . The evolution of the DNA methylation system and sex determination is probably closely associated in terms of the evolution of the organism . Therefore, the regulation of DNA methylation also probably plays important roles in the plant ESD process.
To elucidate the mechanism of temperature-dependent sex determination (TSD) in cucumbers, the genome-wide alterations in DNA methylation in the apical shoots under different temperature conditions were characterized at single-base resolution, and the transcriptome and sRNA expression profiles were also investigated.
Materials and methods

Plant materials and investigation of femaleness
Plants of the cucumber inbred line '9930', the whole genome of which has been sequenced Qi et al., 2013) , were grown in plant growth chambers under LT conditions (23 °C/15 °C, day/night) or high temperature (HT) conditions (32 °C/24 °C, day/ night) with a photoperiod of 8 h/16 h (day/night) from sowing until the fourth true leaves were unfolded. Three additional inbred lines, '5224', 'BN35', and 'QT165', were treated in the same manner. The young plants were then used for either the sampling of shoot apices or the investigation of femaleness. For the investigation of femaleness, the young plants were moved into a greenhouse for an evaluation in the spring of 2014. The immature fruits or ovaries were removed in a timely manner, immediately after the female flowers opened, and the carpopodium remained as a marker for female flower investigation. The proportion of nodes with pistillate flowers (PNPF) was used to evaluate cucumber femaleness. A total of 25 nodes from each plant were subjected to investigation. The investigation was performed in triplicate, and >15 plants were investigated for each replicate.
Sample preparation and deep sequencing
Shoot apices of treated young plants that had not developed any visual flowers were carefully dissected under a microscope and were immediately frozen in liquid nitrogen. The sampling for LT or HT treatment was performed in triplicate. In total, >1000 young plants were used to sample the shoot apices for each replicate. The mixed samples of >500 shoot apices in each replicate were then used for total RNA isolation followed by mRNA-seq and sRNA-seq. In addition, >500 shoot apices in each replicate were mixed and used for DNA isolation followed by whole-genome bisulfate sequencing (WGBS). The details of the DNA and RNA isolation, sample preparation for deep sequencing, and processing of reads are provided in Supplementary Methods S1 at JXB online. Deep sequencing and mapping and processing of reads were performed at BGI-Shenzhen (Shenzhen, China).
Identification of methylcytosines (mCs), differentially methylated cytosines (DmCs), and differentially methylated regions (DMRs)
Only those clean reads that possessed unique matches and those cytosines that were covered by at least four clean reads were processed in the subsequent steps. The mCs were identified as described previously (Lister et al., 2009) . The number of methylation-supporting reads of an mC was required to be at least the anticipated number in the binomial test adjusted by the bisulfate (BS) conversion rate. The BS conversion rates in the WGBS of the LT and HT treatments were 99.61 and 99.51, respectively. The mC density is shown in absolute frequency (the frequency among all nucleotides) or relative frequency (the frequency among all cytosines in the specific sequence type). The identification of DmCs between the two treatments was performed using Fisher's exact test. Cytosine sites with P-values <0.05 and changes in methylation of at least 20% were identified as DmCs. DMRs were identified as previously described with modifications (Gao et al., 2014) . There were some differences in the DMR identification method between asymmetric CHH and symmetric CG and CHG sequences. For CG and CHG sequences, DMRs were screened across the Watson strand, and DNA methylation of cytosines on the Crick strand was not interrogated; for CHH sequences, DMRs were separately screened across the Watson and Crick strands. First, five adjacent CG/CHG/CHH motifs containing at least four CG/CHG/CHH sequences with the same changing trend and a Wilcoxon rank-sum test P-value <0.05 were considered as candidate DMRs. Next, 3' downstream adjacent CG/CHG/CHH sequences with the same changing trend were incorporated with the candidate DMR until the differential significance disappeared. The distance between two adjacent CG/CHG/CHH sequences should be <200 bp in the DMR identification process. DMRs <50 bp in length and whose methylation level changes were <0.1 were discarded.
Association between DMRs, gene expression, sRNA expression, and TEs
The position of a DMR relative to gene structures was determined relative to the midpoint of each DMR. The association of a DMR with a TE was confirmed if the regions overlapped. The mapping of a given sRNA to a DMR or a TE was confirmed if the regions overlapped.
Results
LT promotes cucumber femaleness
To emphasize the temperature effect while avoiding temperature stress, temperature treatment was performed at a normal HT (32 °C/24 °C, day/night) or a normal LT (23 °C/15 °C, day/night) that would meet the requirements for plant growth and development. We used the PNPF to evaluate femaleness in some representative cucumber inbred lines from our previous study (Dou et al., 2015) . As a result, the PNPFs of the gynoecious line '5224' and the subandroecious lines 'BN35' and 'QT165' did not show significant differences between temperature treatments, whereas the common monoecious line '9930' showed a 6-fold higher PNPF under LT conditions than under HT conditions. We selected the common line '9930' (with a PNPF value of 56.7% under LT) to study the TSD mechanism further in subsequent BS-seq, RNA-seq, and sRNA-seq analyses.
Single-base resolution map of DNA methylation in cucumber shoot apices
Our previous analysis of methylation-sensitive amplification polymorphism (MSAP) profiles clearly indicated that LT greatly altered cucumber DNA methylation patterns, suggesting epigenetic control of the cucumber TSD process. Considering that the TSD process must have occurred very early in the shoot apex during flower development, only those shoot apices that had not developed any flowers based on visual evaluation under a microscope were carefully dissected and used for DNA extraction and WGBS. For both the HTand LT-treated samples, WGBS had an average sequencing depth of 14.03× per strand, and >94% of the genomic cytosine positions were covered by at least one read, with an average read depth of >14× (see Supplementary Table S1 ).
We generated the first cucumber methylome and characterized its methylation pattern. In brief, in the LT methylome, mCs occupied 5.7% of the entire genome or 18.0% of all cytosines, and the mCs predominantly consisted of low-rate and low-ratio methylated CHH sequences with relatively few high-rate and high-ratio methylated CG and CHG sequences ( Supplementary Fig. S1 ). The distribution of mCs showed a chromosomal region-related pattern. Essentially, a high mC frequency was observed in gene-poor heterochromatin regions, co-ordinating with TEs ( Fig. 1A ; Supplementary Figs S2, S3). In contrast to mCHG, the mCG and mCHH sequences were common in gene-rich euchromatin regions.
Regarding specific genome features, TEs and tandem repeats (TRs) were extensively methylated in all three of the sequence types (CG, CHG, and CHH), and the methylation of protein-coding genes showed a structure-dependent pattern ( Supplementary Fig. S4 ). The methylation level was extremely low in 5'-untranslated regions (5'-UTRs) but was high in exons and introns, primarily due to CG methylation (Fig. 1B) . Approximately 3.3 million single-nucleotide polymorphisms (SNPs) were identified in a previous report (Qi et al., 2013) . Here, we found a positive correlation between DNA methylation with SNP density (Fig. 1C) . The cytosine methylation state can be directly correlated with genetic changes, and this kind of epivariance is called an obligatory epiallele, as defined by Richards (2006) .
Genome-wide methylome landscape alteration responding to low temperature
A pairwise comparison of the methylation level at each cytosine site was performed between the HT and LT methylomes. The total methylation level was decreased by 11.2% under LT conditions, and DmCs occupied 0.96% of all cytosines.
To characterize the possible dynamic regulation of DNA methylation, we used a sliding-window approach to screen for DMRs. Compared with HT conditions, LT conditions induced a total of 0.15 million DMRs. For these DMRs, the average region lengths were 211.8 bp (CG), 209.9 bp (CHG), or 109.3 bp (CHH), and the average DmC numbers per DMR were 6.5 (CG), 6.2 (CHG), or 11.4 (CHH).
Temperature stimulation induced a major methylation response based on the CHH sequence type. DmCs in CHH sequences represented 82.7% of all DmCs, a percentage that was much higher than that for mCs in CHH sequences (59.8%) (Fig. 2A) . Moreover, the degree of change in the CHH methylation level was impressively high. The average methylation level of mCHH was only 0.06, in sharp contrast to mCG (0.57) and mCHG (0.29) ( Supplementary Fig. S1) ; however, the LT-induced alteration in the methylation level of CHH was 0.47, significantly higher than those of CG (0.39) and CHG (0.44) (Fig. 2B ). In agreement with these results, CHH-DMRs were the most abundant, and the degree of change in the methylation level was the greatest.
We next evaluated the distribution pattern of DmCs across chromosomes. The distributions of DmCG, DmCHG, and DmCHH were basically co-ordinated with each other; the distribution of DmC was basically co-ordinated with mC ( Fig. 2C; Supplementary Fig. S5 ). This suggests that the entire mechanism for DNA methylation might be disturbed. We observed clear enrichment for CG and CHG where the DNA methylation level rapidly reduced along chromosome arms; the frequency of DmC at these sites is especially low. The methylation state of these cytosines might be crucial for gene activity in gene-rich euchromatin regions.
There is a positional effect on targeted mC selection for DNA methylation machinery (Cokus et al., 2008) . Cytosines near another cytosine (C) or a guanine (G) have a lower methylation level than those neighboring an adenine (A) or a thymine (T) in cucumbers (Fig. 2D) . In particular, the G at +2 of CG, the G at -1 of CHG, the C at +3 of CHG, and the G at -1 of CHH significantly suppressed DNA methylation (Fig. 2D) . Interestingly, the frequencies of A/C/G/T near CG/CGH/CHH sequences in the genome were very different ( Supplementary Fig. S6A ). The DNA methylation machinery probably has a preference to target A/T-neighboring cytosines, which are more common in the genome than C/Gneighboring cytosines (Supplementary Fig. S6B ). The DNA methylation machinery itself appears to be vulnerable to LT, which results in the DmC preference of A/T-neighboring cytosines ( Supplementary Fig. S6C ).
The TE-related RdDM pathway reshaped the DNA methylation near genes siRNA involved in the RdDM pathway plays a central role in de novo methylation. Thus, we recovered RNAs with lengths ranging from 18 to 30 nucleotides (nt) from the same tissues as those used for BS-seq. To investigate the relationship between DNA methylation and sRNA abundance, the correlation of DNA methylation with sRNA expression in repetitive windows was examined across the genome. The proportion of methylated CHH sequences in each window showed a strong positive correlation with the 24 nt sRNA level and a moderate positive correlation with the 23 nt sRNA level but not with the 20-22 nt sRNA level ( Fig. 3A; Supplementary Fig. S7 ). Therefore, we inferred that the alterations of DNA methylation caused by LT resulted from 24 nt sRNA level changes. Interestingly, hypermethylation occurred with an increase in the 24 nt sRNA level and hypomethylation with a decrease (Fig. 3B ). In agreement with this result, the alteration of the 24 nt sRNA level positively correlated with the extent of methylation changes (Fig. 3C) . Moreover, the putative cucumber RdDM components DMS4 (Csa7M238430.1), DCL3 (Csa6M361370.1), CMT2 (Csa3M006640.1), and MORC1 (Csa4M044460.2) showed decreases in transcript expression by 31.1-44.4% (Supplementary Table S2 ). It is likely that the 24 nt sRNA-guided RdDM pathway is involved in temperature-induced genome-wide alterations in DNA methylation.
We then evaluated the distribution of RdDM-controlled DNA methylation changes relative to gene structures. Surprisingly, LT treatment induced DNA methylation rearrangement, mostly in regions near genes. Specifically, 57.8% of CG-DMRs, 57.1% of CHG-DMRs, and 74.3% of CHHDMRs were found in the upstream or downstream 5 kb regions (Fig. 4A) . Notably, CG-DMRs were largely present in gene bodies next to upstream 5 kb regions. There were slight enrichments of CHG-and CHH-type DmCs in gene upstream regions and substantial enrichment of CG-DmCs in gene bodies and downstream regions (Fig. 4B) .
To characterize gene-dependent DNA methylation changes further, we then profiled the methylation changes alongside gene structures. Essentially, all three types of DMRs were decreased in number away from transcription start sites (TSSs) or transcription end sites (TESs); this change was clearly connected with the change in 24 nt sRNA numbers, particularly for the CHG and CHH types (Fig. 4C) . The high abundance of DMRs around genes was in good agreement with the relatively high DNA methylation level near genes (Fig. 5B) . Further, we found that these gene-related DNA methylation changes were mediated by TEs/TRs, which showed a coincident change in profile with increased distances to TSSs/TESs (Fig. 4C) . TE insertion in cucumber promoters appears to be very common given that 84.4% of the annotated genes had TEs in their upstream 5 kb regions.
There are still some DMRs identified in deep intergenic regions that are >5 kb away from the closest TSS/TES. In agreement with the gene-rich regions, we found that these DMRs were also correlated with TEs. Specifically, 58.4% of CG-DMRs, 69.9% of CHG-DMRs, and 58.5% of CHH-DMRs overlapped with TEs, and the proportions increased to 90.1, 95.8, and 88.8%, respectively, when the TE boundary was extended by 500 bp. The gene-independent DNA methylation rearrangement occurred on TE bodies and their surrounding regions, which were again probably regulated by RdDM (Fig. 4D) . The association of DMRs and gene structures more probaby occurred in gene-rich euchromatin regions despite the fewer numbers of DMRs (Fig. 4E, F) , indicating that the interaction of TEs and genes showed a particularly strong response to the temperature change.
The biological implication of the methylome alterations
DNA methylations at CHH sites near genes have special roles in suppressing the inserted TEs nearby and avoiding the impairing effects on gene activity (Gent et al., 2013) . We identified 85 significantly differentially expressed TEs (DETs), 70.6% of which were located near genes. Furthermore, gene and TE expression levels were co-ordinated (Fig. 5A) . The co-ordination of gene and adjacent TE expression is likely to be due to the genome-wide demethylation at CHH sites.
Subsequently, we sought to determine whether the LT treatment-induced changes in gene methylation had any impact on gene expression. First, the relationship between DNA methylation and gene expression in a single methylome was characterized. In regions upstream of genes, methylation at CHG and CHH sites was positively correlated with the expression level; conversely, methylation at these sites in coding sequences (CDSs), introns, and downstream regions was negatively correlated with gene expression levels, despite the very low methylation levels in gene bodies (Fig. 5B) . Regarding CG-type methylation, active genes had higher methylation levels in gene bodies, which is distinct from the CHG and CHH types (Fig. 5B) . To test the significance of these trends, we separated genes into quartiles based on their methylation level and compared the average expression levels between quartiles. Evaluating the relationship between gene expression and DNA methylation yielded similar results ( Supplementary Fig. S8 ).
In the temperature treatment, we found a wide association of DMRs and differential gene expression. A total of 276 differentially expressed genes (DEGs) (89.0% of the total DEGs) had DMRs in either gene bodies or nearby 2 kb regions, including 60 CG-DMRs, 17 CHG-DMRs, and 1362 CHH-DMRs (Supplementary Table S3 ). In particular, there was an enrichment of DEG-DMRs associated with the CG and CHG types (Fig. 5C ). We attempted to characterize the association of DMRs and gene transcription level changes. CG-DMRs were more likely to occur in less active genes (Fig.  5D) . However, there seemed to be no interaction between the methylation changes and gene expression changes in general (data not shown).
Nevertheless, we found that DMRs that were very near to TSSs/TESs had opposing changes in methylation levels against changes in gene transcription (Fig. 5E) . In particular, a total of 22 DEGs had CG-DMRs within 600 bp from TSSs/ TESs, 15 of which were negatively associated with DMR methylation level changes. There were nine DEGs having CHH-DMRs within 10 bp from TSSs/TESs, the transcription levels of which showed a similar negative association with DNA methylation change. However, there were positive associations for those CHH-DMRs that were positioned >10 bp from TSSs/TESs. These results indicate that the methylation status around TSSs/TESs negatively controls gene activity.
For CHG-DMRs, a very close association with distances to TSSs/TESs smaller than 900 bp was not observed. There were seven DEGs having CHG-DMRs within 2 kb from TSSs/ TESs, four of which showed a negative association.
Putative epiregulation controls the cucumber TSD process
A total of 21 221 transcripts were detected in the cucumber shoot apices, accounting for 87.4% of the total genes. The LT condition induced significantly differential expression of 310 genes (Supplementary Table S3 ). We paid particular attention to those genes that might participate in cucumber sex determination.
Ethylene is the known cucumber 'sex hormone'; therefore, we thoroughly assessed all genes in the ethylene biosynthesis and signal transduction pathways ( Supplementary  Fig. S9 ). Notably, LT significantly up-regulated CsACO3 (Csa6M421630), which encodes the last key enzyme in ethylene biosynthesis. In contrast, four of the five differentially expressed ethylene response element-binding proteins (EREBPs), which contain AP2 domains, showed significant decreases in transcription level. AP2-EREBP genes encode a trascription factor family unique to plants that specifies sepals and petals and that represses the C function in the floral patterning process (Nilsson et al., 2007) .
The differential expression of certain genes probably also leads to the TSD process. Two MADS-box genes, Csa1M051580.1 and Csa3M179160.1, which were respectively clustered with petunia TM8 and FBP28 in the phylogenic analysis (data not shown), were greatly up-regulated ( Supplementary Fig. S9) . MADS-box genes control diverse developmental processes, particularly flower development in the ABC model (Coen and Meyerowitz, 1991) . MADS-box gene up-regulation corresponded well with AP2-EREBP gene down-regulation. In addition, genes involved in abscisic acid (ABA) and indole acetic acid (IAA) biosynthesis were down-regulated, and the genes involved in IAA and gibberellic acid (GA) signal transduction were up-regulated ( Supplementary Fig. S10 ).
We further predicted the possible epicontrol for 38 genes based on the negative association of DMRs near TSSs/TESs and differential gene expression, and 28 of them were annotated using the nr database for BLAST (Table 1) . We propose that CsACO3 and the AP2/ERF protein are epiregulated in response to temperature changes and thus might participate in the cucumber TSD process (Table 1 ). In the LT condition, the up-epiregulation of CsACO3 enhanced ethylene production, whereas the downepiregulation of AP2/ERF enhanced ethylene signal transduction. Notably, RAP2.4, the homolog of AP2/ERF, is a negative factor in Arabidopsis for ethylene function (Lin et al., 2008) . 
Discussion
How does cytosine methylation respond to temperature reduction?
LT-induced demethylation is completely TE related. This is reasonable because the first 'job' of DNA methylation in plants is to silence TEs and thereby maintain genome stability (Matzke et al., 2007; Kim and Zilberman, 2014) . TE insertions around genes are common in cucumbers, and the location of genes and nearby TEs is a signal for cytosine methylation changes (Fig. 4C) . Sigman and Slotkin (2016) recently thoroughly profiled how DNA methylation is initiated and reinforced for TE-gene interaction. We propose that the changes in abundance of Pol II transcripts of TEs and genes create the initial trigger that initiates changes in methylation (Fig. 6) . It is likely that LT affects the nucleosome status, which results in subsequent aberrant changes in Pol II transcripts. Heat stress causes a reduction in nucleosome occupancy, which activates TEs (Lang-Mladek et al., 2010; Pecinka et al., 2010; TittelElmer et al., 2010; Ito et al., 2011) . Notably, the predicted epicontrol of genes is positioned in a cluster instead of being evenly distributed across chromosomes (Table 1 ). The Pol II transcripts are then processed into sRNA biogenesis whose aberrant changes trigger DNA methylation changes through the non-canonical RdDM pathway (Ye et al., 2016) . The important roles of Pol II in nearby gene methylation have The genes were divided into five sets based on their expression levels. Methylation levels were measured in each 100 bp interval of a 2 kb region upstream and downstream of all annotated genes. Methylation was measured in 10 equally sized bins for CDSs and introns, and 5 equally sized bins for UTRs. (C) DMR-DEG enrichment. Enrichment=(DEG DMR /DEG total )/(Gene DMR /Gene total ). (D) CG-DMRs were more likely to occur in less active genes. The t-test P-value is reported. (E) Methylation changes near TSSs and TESs appeared to associate negatively with gene expression. Genes that were not defined as DEGs (with a probability >0.8, less than a 2-fold change) but displaying changes in the CG type of methylation are also presented. M, methylation level change; E, expression level change.
been confirmed in many studies (Zheng et al., 2009 , McCue et al., 2012 Panda et al., 2016) . This above hypothesis is also supported by the predominant down-regulation of both DEGs and DMRs.
Consequently, LT treatment resulted in genome-wide decreases in both the mC frequency and the average methylation level in cucumber apices. Pol VI/Pol V-dependent canonical RdDM might enhance DNA methylation changes given that the 24 nt sRNA is greatly involved and directly contributed to the reshaping of the methylome landscape (Matzke and Mosher, 2014) . Moreover, the correlation of the distribution of DmCs and mCs across the chromosomes suggested that the RdDM pathway itself is vulnerable to temperature fluctuations. The transcription levels of multiple genes encoding RdDM components were decreased under the LT condition. Similar influences of environmental factors on the RdDM pathway were reported for bacterial infection (Dowen et al., 2012) , soil salinity stress (Shen et al., 2014) , and heat stress (Popova et al., 2013) .
The CHH type of demethylation was the major response to LT treatment. The predominant CHH type of methylation has also been observed in phosphate starvation treatment (Yong-Villalobos et al., 2015) , whereas NaCl-saturating soil treatment (Jiang et al., 2014) and bacterial infection (Dowen et al., 2012) predominantly resulted in changes in the CG methylation status. The soybean root methylome showed balanced methylation changes in the three sequence contexts after inoculation with nematodes (Rambani et al., 2015) . Although the methods or criteria used to screen DmCs and DMRs in the above reports vary, the response of the cytosine context depends on the tissues and types of environmental cues. Future studies should thoroughly compare the responses of the three sequence contexts to different environment cues.
The genome-wide CHH type of demethylation in regions near genes clearly has two biological implications, the first of which is the co-ordination of genes and nearby TE expression. A similar co-ordinated expression pattern was observed in Arabidopsis exposed to bacterial infection (Dowen et al., 2012) . In the maize genome, which has a high proportion of TEs, the interaction of TEs with genes recruits RdDM to methylate nearby regions at CHH sites and to form so-called CHH islands (Gent et al., 2013) . CHH methylation near genes was thought to repress TEs without affecting the normal activities of genes. The other biological implication is the epiregulation of gene expression. Changes in the CHH type of methylation are positively associated with gene expression level changes to some extent, except for DMRs that are very close the TSS/TES. However, the small number of CG-and CHG-DMRs probably has an influence on gene expression (Table 1) . It is likely that CG-and CHG-DMRs are a result of a disturbance in the balance of the entire methylation mechanism, which is caused by changes in the CHH type of methylation given that their number is very small when compared with CHH-DMRs.
Possible epiregulation in the cucumber TSD process
LT is propitious to female flower formation in cucumbers (Nitsch et al., 1952; Atsmon and Galun, 1962) . The TSD phenomenon of '9930' is genetically stable; in other words, it is heritable, which has been observed for many years. The present LT treatment (23 °C/15 °C, day/night) resulted in a 6-fold increase in the PNPF. The temperature was decreased by no more than 10 °C, but the observed increase in femaleness was greater than that in other reports (Miao et al., 2011) . This indicates that short-day conditions might enhance the contrast between the temperatures. Concurrently, the growth of cucumber seedlings was not hampered because no typical chilling injury was observed. The omics analyses of shoot apices in this study show that it is possible to avoid abiotic stress-induced responses when the methylome changes associated with the cucumber TSD process are screened out.
We had anticipated a genome-wide correlation between gene expression changes and DNA methylation changes, as demonstrated by Dowen et al. (2012) . However, no significant differences in the overall expression between DMR genes and non-DMR genes were observed. The methylation changes induced by LT treatment may not be adequate to affect gene expression on a genome-wide scale. We narrowed down the scale and focused on the methylation state changes in the regions surrounding the genes as well as the UTRs because cytosine methylation in the gene body, including the introns and exons, is conserved in all organisms, and their role in gene regulation remains unknown Takuno et al., 2013; To et al., 2015) . In contrast, there is a depletion of cytosine methylation around TSSs/TESs in the plant genome, and it is known that the methylation state surrounding genes negatively correlates with gene activity (Zhang et al., 2006) . Those DEGs having CG-and CHH-DMRs near TSSs/TESs show a clear negative association of cytosine methylation and gene expression (Fig. 5E ). It is difficult to determine the relationship between the CHG-type methylation changes and gene expression changes because only seven CHG-DMRs surrounding DEGs were identified, all of which were positioned relatively far from the TSS/TES (>900 bp). By associating cytosine methylation and gene expression in the LT treatment, we proposed the possibility of epiregulation.
The 'one hormone model' stresses the critical role of ethylene (Yin and Quinn, 1995) . Here, we reported that the up-regulation of ACO3 and the down-regulation of RAP2.4 explained the LT-induced increase in femaleness. Transcription of CsACO3 (Csa6M421630), which had a CHG-DMR in the promoter region, showed a significant 4-fold increase,. This DMR is 351 bp in length and shows a methylation level decrease by 0.22. A 20% increase in ACO enzyme activity can significantly arrest anther development, mimicking the cucumber female flower phenotype in CsACO2-overexpressing Arabidopsis (Duan et al., 2008) . There was also a clear trend in ACS up-regulation. CsACS11 (Csa2M353460) transcription at the A locus and CsACS2 (Csa1M580750) transcription at the M locus increased by 44% and 64%, respectively, although these changes were not significant in our rigid testing. These slight ACC up-regulations might partially be due to ACO up-regulation, given the fact that its resultant ethylene production causes positive feedback regulation of ACC (Li et al., 2012) . The ethylene signalresponsive gene RAP2.4 showed CG-type hypermethylation around the TES. RAP2.4 belongs to group 1 of the ERF family, which is the biggest group in the AP2/ERF superfamily, consisting of 147 members (Nakano et al., 2006) . RAP2.4 can bind to the ethylene-responsive GCC-box, and its overexpression can block multiple ethylene-mediated responses (Lin et al., 2008) . Therefore, RAP2.4 is a negative regulator in the signaling pathway. Post-transcriptional regulation of AP2/ERF has emerged as a key feature of several physiological processes (Licausi et al., 2013) . Here, we demonstrate the epiregulation of this gene.
Among the predicted epicontrolled genes, MAPKKK NPK1 and the E3 ubiquitin-protein ligase XBAT31 might be indirectly involved in cucumber sex determination. Mitogen-activated protein kinase (MAPK) and the E3 ubiquitin-protein ligase are involved in the post-transcriptional regulation of ACS (Lyzenga and Stone, 2012) . Moreover, CTR1, the critical negative regulator in the signaling pathway, is a Raf-like MAPKKK (Kieber et al., 1993) . This connects the MAPK cascade with ethylene signal transduction, although its detailed role is unknown (Ouaked et al., 2003; Yoo and Sheen, 2008; Xu and Zhang, 2014; Xu and Zhang, 2015) . These reports imply the role of NPK1 and XBAT31 in ethylene biosynthetic and signaling pathways, although more direct evidence is needed to confirm this hypothesis.
In this study, we characterized genome-wide methylome changes in response to LT treatment, discussed the underlying mechanisms of these changes and their biological implications, and predicted the highly likely epiregulatory events of cucumber sex-related genes. The monoecy/gynoecy transition in melon is genetically controlled by the methylation state of a WIP protein gene (Martin et al., 2009) . Our findings provide a basic understanding of the role of DNA methylation in the cucumber ESD process.
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